municipality of Gothenburg, and the projects were supported with 222 million SEK by the Swedish Energy Agency. In the GoBiGas process, woody biomass is converted to produce biomethane. The purpose of the project was to contribute to fulfilling the local targets to reduce local emissions, such as soot particles from buses, as well as restricting greenhouse gas emissions. The GoBiGas project included two phases, whereby the first phase involved the construction of a demonstration plant capable of producing 20 MW of biomethane and the second phase involved the construction of a commercial plant with a production capacity of about 100 MW. Due to unfavorable market conditions, the municipality of Gothenburg decided in 2017 not to initiate the second phase of the project and not to build the commercial plant. This work is therefore based on the experience and data from the demonstration plant with 20 MW of production, which is referred to as the "GoBiGas plant."
With the goal of building a second commercial unit, the demonstration plant was constructed so as to fulfill the following performance goals inherent to a commercial unit:
• Biomass-to-biomethane efficiency of 65% • Total efficiency of 90% • Production for 8000 hours per year • Feeding gas to the national gas grid with a composition of: methane, >94% vol ; hydrogen, <2% vol ; carbon dioxide, <2.5% vol ; nitrogen, <3.5% vol ; carbon monoxide, <0.1% vol ; ammonia, <20ppm vol ; and dew-point <−8°C at 70 bar.
The GoBiGas plant comprises two distinct sections: (a) the gasification section, where the biomass is converted to gas; and (b) the methanation section, where the gas is conditioned and synthesized into CH 4 . The methanation section of the GoBiGas plant was designed with the levels of redundancy and safety adopted in petrochemical industries, enabling continuous operation for about 4 years without major revision. This can be compared to the ambition related to time between revisions for large-scale biomass boilers in the pulp and paper industry, which is typically in the range of 12-18 months. The equipment used in the gasification section is similar to that of conventional fluidized bed boilers used in combined heat and power (CHP) plants, 1 and the ambition for operation without major revision for the gasification section of the GoBiGas plant was 6-12 months. As a consequence, the gasification section was constructed with little redundancy and limited possibilities for service during operation. The GoBiGas process encompasses gasification of biomass in a dual fluidized bed (DFB) gasifier, gas conditioning, and methanation. The main process steps are illustrated in Figure 1 and have previously been described in detail, [1] [2] [3] whereby the technical feasibility and performance have been analyzed. Briefly, the GoBiGas plant is a first-of-its-kind unit in which the whole production chain, including a DFB gasifier and methanation, is combined in a demonstration plant. The DFB technology, which has previously been applied in commercial plants for heat and power production 4 on a smaller scale, was scaled up twofold for the GoBiGas F I G U R E 1 Schematic of the GoBiGas plant, indicating the major process steps plant. The methanation technology, which has been used in commercial plants that are based on fossil fuels, 5, 6 had to be scaled down significantly to match the DFB gasifier. An analysis of the performance of the process concluded that it is technically feasible to reach a biomass-to-biomethane efficiency of up to 70% based on the lower heating value (LHV) and dry ash-free (DAF) fuel. [1] [2] [3] An initial breakdown of the investment cost for the GoBiGas plant based on the project summary has been reported elsewhere, 2 showing that a significant proportion of the investment was related to aspects specific to the site or the project. Therefore, a more detailed analysis is performed in this study, so as to generate a more general and realistic estimate of the investment costs of an ABP plant for the production of biomethane. Furthermore, the aggregated investment cost is here complemented with costs related to the operation of the plant, so as to estimate the total cost of producing biomethane with this type of technology. Based on the production cost for the demonstration plant, the production of a commercial-scale unit can be estimated using scale factors (SFs) for the different costs. Thus, one can define how the costs differ when building a plant with a different production capacity, as well as the potential changes to the costs linked to lessons learnt. 7 The production cost for an ABP plant has previously been investigated based on simulated processes.
8,9
The present work is instead based on real cost data from the GoBiGas project, which means that uncertainties related to simulation of the process are avoided. As described in the technical review of the GoBiGas project, 1 one of the main lessons that has been learned is that the equipment can be assembled using mainly commercially available components that have already reached a level of maturity corresponding to the n-th numbered installation. In the GoBiGas project, the major technical component that had not yet reached a mature commercial state was the gasifier. However, evaluation of the technology, combined with the parallel experience accrued from operation of the semi-industrial plant built at Chalmers, showed that the gasifier could be built using the already existing mature boiler technology. This is in-line with recent modifications made at other plants based on the same gasification technology, but used for heat and power production, and where required availability of the plant when using intended feedstock, forest residue, has been demonstrated, for example, at the plant in Senden. 4 The reactor design used for the gasifier in the GoBiGas project is used mainly for either heat and power or only heat production in pulp and paper mills and in district heating systems. In Sweden alone, more than 100 of these units have been installed, and around the world more than 1000 units are in operation. This means that the technology used for constructing the gasification section of the plant can be assumed to have a level of maturity similar to that of commercial CHP plants based on the fluidized bed technology, and that significant cost reductions due to learning cannot be expected. However, as GoBiGas is a first-of-its-kind plant, these types of gasification and methanation technologies have been combined, and there is still potential to reduce the production cost by learning how better to combine and operate the different process sections. 1 As there are no other plants for comparison, the investment cost for GoBiGas is here compared with the investment cost for CHP plants. CHP plants were chosen for the comparison as a relevant number of plants using biomass as feedstock have been built in Sweden within the last decade. The information on the CHP plants comes from a database that covers all the power plants in Europe, which was developed at Chalmers and is continuously being updated. 10 A biomass CHP plant constitutes a complexity level similar to that of the gasification section of the GoBiGas plant, and is here used to visualize how project-related features, such as site-specific cost, price levels of commodities, and performance goals, can influence the investment cost for a large-scale, biomassbased production plant. The objectives of this work were to present reference cost data based on the GoBiGas project and to estimate the production costs for advanced biofuels generated via gasification on a commercial scale. To achieve this, investment and operational costs were estimated based on data accrued from the GoBiGas demonstration plant. Aggregated reference data and SFs for a commercial APB plant have been established based on a detailed study of the investment costs of the GoBiGas plant, in combination with the previously published technical review of the process. 
SCALE FACTORS
The production cost for a commercial-scale ABP plant is here estimated based on the: (a) investment cost; (b) plant development costs; and (c) operating costs, according to Equations (1-11) in Table 1 . Where the investment cost, C Inv , for process section i of a plant of size, P, is estimated based on the investment cost of process section i of the GoBiGas plant, C Inv ref,i , with production capacity P ref = 20 MW and scale factor SF i . The produced biomethane is traded based on the energy content of the gas (MWh), and the specific cost, c, is therefore presented in SEK/MWh prod . The specific capital cost related to the depreciation, c dep , is estimated based on the expected lifetime (LT) of the plant and the expected yearly full-load hours (FLH) of the plant. The specific capital cost related to the interest from the investment, c int , is estimated based on the interest factor, θ int , which is based on the plant LT and interest rate, int. Some development is expected to be required during the LT of the plant, and the specific cost related to that development, c dev , is estimated based on a development factor, θ dev .
The annual operational cost related to each cost item, j, for GoBiGas, that is, C ope ref,j , is used to estimate the annual operating cost of a plant with production capacity P. The specific operational cost for each cost item, c ope,j , and total specific operating cost, c ope , are estimated based on the plant production capacity and expected FLH. The cost items included in the operational costs relate to costs for personnel, maintenance costs, cost for consumables and waste products, as well as some other costs but excluding the cost of the biomass used as feedstock for the plant, which is calculated separately. The specific fuel-related cost, c fuel , is estimated based on the moisture content, Y m , and the LHV DAF value of the fuel, as well as the efficiency of conversion of the biomass to biomethane, η prod , the fuel cost per MWh as-received, c fuel,ar , and the heating value of dry fuel, LHV dry . Summarizing all the specific costs yields the total specific production cost, c prod .
The investment cost for the different process sections for GoBiGas and the estimated reference investment cost, C Inv ref, I , are summarized together with the applied scale factors in Table 2 . C Inv ref,I is the estimated cost when extraordinary costs due to site-specific conditions have been subtracted.
The investment cost of the project accumulated during the period 2011-2014. The cost paid in Euros (€) has here been calculated using an average exchange rate for the period of 9.1 SEK for 1.0 €. The site that was chosen for the GoBiGas plant entailed the imposition of some restrictions on the project. For example, most of the plant had to be built indoors, and a massive explosion wall had to be constructed owing to the proximity of a production plant for district heating. This entailed project-specific costs for the explosion wall (B4 in Table 2 ), as well as increased costs for piping, mechanical equipment, and insulation (D in Table 2 ). These costs are here subtracted from the reference costs used for the analysis, as it is unlikely that future versions of the plant will have these features. Likewise, the cost related to services (E in Table 2 ) has been reduced in the analysis, as the engineering costs for the GoBiGas project were higher than what might be expected for future plants.
The site also came with several advantages, in that it was located close to the local district heating network, the natural gas grid, and an existing local system for providing cooling water, and it had the possibility to recover low-temperature heat for district heating via heat pumps. Furthermore, the plant could be incorporated into the existing environmental permit for the neighboring plant used for heat production. The amount of capital tied up in the GoBiGas plant feedstock and other inventories is negligible and, therefore, is not included in the investment total. The same is assumed to apply to larger-scale units. For all ABP plants that will be built, local conditions and demands will provide numerous challenges or benefits that will either add to or reduce the costs of the plant. These costs cannot be predicted using generalized cost estimates.
As concluded from the technical review, a commercial ABP plant based on gasification should incorporate an external fuel reception and storage facility for wood chips, a fuel dryer, and a steam cycle (including a turbine), in addition the process equipment installed at GoBiGas. The cost for the GoBiGas project, as summarized above, only includes the internal fuel handling system and a connection to the previously existing fuel reception and handling system, which is shared with a pellet-fired boiler. Therefore, the cost for the external fuel handling system should be included when estimating the cost of a commercial plant. These costs have been estimated from the costs that apply to similar existing commercial installations, recalculated to the same cost year as GoBiGas 2014, as summarized in Table 3 .
T A B L E 1 Summary of equations used

Factor Formula and Equation no. Unit
Investment cost for process section i
Investment cost
Annual operating cost for cost item j
Total specific operating cost
Specific fuel-related cost
Equation (10) [SEK/MWh prod ]
Total specific production cost
T A B L E 2 Investment costs and scale factors for all process sections of the GoBiGas plant; P = 20 MW. To estimate the investment cost required for a commercialscale plant based on the GoBiGas technology, SFs that describe how the cost changes with production capacity have been employed. For the gasification section of the plant, suitable SFs have previously been suggested. 8, 9 For the reactors and other equipment used in the methanation section of the plant, data are available from larger fossil-based processes and provide relevant SFs. [11] [12] [13] [14] These SFs are complemented with experience from the international consulting and engineering company Pöyry AB 15 and the project management and technology provider BioShare AB. 16 To illustrate the uncertainties related to the effect of scale-up on the investment cost, estimates were also performed using a high SF, respectively a low SF, in order to allow comparisons with the base case. To place these uncertainties in perspective, a comparison is made with historic data relating to the initial investment costs of the relevant more mature technologies of commercialscale CHP plants. The comparison between the CHP and ABP plants also serves to illustrate how the annual FLH influences the production cost and consequently, the profitability of the plant. The initial investment costs for a number of relevant commercialscale CHP plants built and brought into operation within the past 10 years in Sweden are used for the comparison. 10, 15 The specific investment cost (in SEK/MWh) for CHP plants is estimated by assigning the same value to both heat and power, as there is currently only a minor difference in the local market values of these products, and the capacity is calculated as heat plus power. For the initial investment cost of a CHP plant, the reference values for the low, average, and high cases are 900, 1400, and 2500 MSEK, respectively, for a 100-MW plant with SFs of 0.5, 0.6, and 0.7, respectively. This was considered as representative, given that these values lie within the range of the historic values for CHP plants. In this study, the reference CHP plant is assumed to have an efficiency of 35% electricity and 70% heat, based on the lower heating value of the received fuel with a moisture content of 45%. This Removed are those costs coupled to project-specific events that added costs that pertain specifically to the GoBiGas plant, including the building of an explosion wall, piping, and engineering costs.
T A B L E 2 (Continued)
T A B L E 3 Estimated costs for equipment not included in the corresponds to an efficiency of 31% electricity and 63% heat, based on fuel delivered dry instead of wet, and is similar to the efficiency value obtained if the efficiency is based on higher heating value; the economic lifetimes of the plants are assumed to be 20 years. In contrast to the advanced fuel production, the product output from the CHP plant is calculated as the sum of the heat and the power, as mentioned above.
The impact of annual FLH on the production cost related to the depreciation cost can be estimated from Equation 3. The ABP plant is assumed to be operated for 8000 FLH per year, while different cases are illustrated for the CHP plant, as the operation of this type of plant is more dependent upon variations in the energy demand than is an ABP plant that can store its product.
The cost related to the interest part of the investment, C int , is calculated as the cumulative annuity over the assumed economic lifetime minus depreciation. The interest rate is set at 2.5%, 5%, 7.5%, or 10%, which creates average cost related to interest over the economic lifetime of the plant of 28%, 60%, 96%, or 135%, respectively, relative to the initial investment cost. Even though the individual parts of an ABP plant are based on mature technologies, combining them into an ABP plant is novel. Therefore, a development-related investment cost, C dev , is included. This represents equipment and system updates that are not covered by the regular annual maintenance and are arbitrarily assumed to contribute an additional 10% to the total investment cost over the economic lifetime of the plant.
The operating costs for the GoBiGas plant have been analyzed in detail and are here presented as four aggregated categories for: (a) personnel; (b) maintenance; (c) consumables and waste products; and (d) other costs. The SF that is applied to the investment cost, as well as the different operating costs are summarized in Table 4 . The Personnel cost, Maintenance cost, and Other cost are listed so as to provide an insight into the actual costs that result from the GoBiGas demonstration plant and, based on this yield, a reference for estimating the production cost of a commercial ABP plant.
Operation of the GoBiGas plant requires about 28 fulltime employees, with three operators being required onsite at all times. The Personnel costs are here estimated at 29 million SEK per year. A low SF is assumed, as the number of persons needed to operate a much larger plant is expected to be similar to the number required at the demonstration plant, given that there will be a similar level of process complexity.
The Maintenance cost category mainly relates to the cost incurred during the revision of the plant. Operation of the GoBiGas plant is stopped each year for about 1 month to allow for revision. For a plant that annually reaches 8000 FLH, the time period between the planned maintenance stops will most likely be extended from the present 12-18 months, which is in-line with the revision period for a pulp mill. About 60% of the revision cost is related to the gasification section of the process, in that the bulk of the revision relates to maintenance of the refractory lining and heat exchangers. The scaling factor for the maintenance cost is, therefore, assumed to be equal to the ratio of the area to the volume of the reactors (SF of 0.67). About 40% of the maintenance cost is related to the methanation part of the process, where regular inspections and maintenance of the pressure vessels account for most of the cost. While a somewhat lower SF could be expected for this part of the process, for the sake of simplicity and to avoid underestimating the maintenance cost, the same SF is applied to the maintenance costs linked to the two parts of the process.
The category of Consumables and waste products includes the material and energy consumed during operation, as well as the waste products that incur costs for the operation and are based on continuous operation during the month of December 2017. In addition to the biomass feedstock, the following materials are used during operation: nitrogen, as the purge gas; olivine sand, as the bed material in the gasifier; rapeseed oil methyl ester (RME), as the scrubber liquid to remove tar components; calcium carbonate, which is used as a precoating material for the particle filter in the product gas line; potassium carbonate, which is added to control the gas quality during gasification; activated carbon, as an adsorbent to remove light aromatic compounds, such as BTX (Benzene, Toluene and Xylene), from the product gas; different catalysts used in the methanation section to condition and synthesize the gas to biomethane; and fresh water, which is mainly used for steam production. The energy carriers consumed during the production are mainly: electricity, most of which is used for compression of the gas; and natural gas, which is used for heating during the start-up of the process. The waste products from the plant include waste water, fly ash, and bottom ash. As described previously, 1 the costs for consumables can be significantly reduced through:
1. the introduction of a steam cycle, which would render the plant self-sufficient for electricity; 2. the introduction of a self-cleaning heat exchanger or scrubber agent distilled from inherent tar products, which would eliminate the need for RME; 3. inherent regeneration of carbon beds, which would significantly reduce the need for active carbon; and 4. the implementation of an optimized heat integration system, which would remove the residual need for natural gas.
In Table 4 , both the present costs and the predicted costs for a future commercial plant are listed. It should be noted that the cost associated with the removal of aromatic hydrocarbons, which in the GoBiGas plant is accomplished by RME | THUNMAN eT Al.
scrubbing and active carbon beds, can be significantly reduced (as described above) by employing an alternative strategy; the estimated cost for this is, in Table 4 , incorporated into the cost for BTX removal for a commercial plant.
The category of Other costs includes all the remaining costs, such as overhead costs and license fees. This is a comparatively small category and the SF is arbitrarily assumed to be 0.67.
The chemical efficiency of an ABP plant has previously been evaluated. 2, 3 Here, an efficiency of 70% based on the energy of the dry part of the delivered biomass is assumed. It should be noted that while a further increase in efficiency is technically possible, increasing the efficiency level above 70% would probably increase the investment cost; for the sake of simplicity and to avoid increasing the uncertainty of the analysis, this case is not considered here. The potential for sellable district heating would be in the order of 10%, subject to the plant being located in proximity to a district heating network. Since location is not specified, the heat is not given any value in the analysis.
| RESULTS AND DISCUSSION
As described previously, 1 an ABP plant can be constructed from components that are commonly used in current commercial
T A B L E 4 Aggregated costs and scale factors for different costs related to the operation of an ABP plant. The untreated cost estimate based on
GoBiGas is included in italic text to indicate the estimated changes. An efficiency of 70% are assumed for further analysis and the fuel costs for this case are therefore highlighted in bold text. processes. This means that at the component level, the technology has already reached the n-th installation and learning will only pertain to the assembly of these parts into a new system. Thus, the cost reduction potential linked to further learning is considered to be modest. In addition, a major part of a gasification-based ABP plant will consist of similar reactor systems regardless of whether the selected product is methane (the biofuel produced at GoBiGas) or some other biofuel, such as methanol, dimethyl ether (DME), mixed alcohols or FischerTropsch crude (which resembles a long distillate from a light crude oil, but without impurities). This means that the investment costs associated with the GoBiGas plant are relevant also for these other types of ABP plants. Figure 2 shows the investment costs of ABP and CHP plants in relation to installed capacity. The investment cost of the ABP plant is based on the investment cost of the GoBiGas plant and the bars indicate how the investment cost changes as the estimated SFs are changed by ±0.1. The investment costs for recently built biomass-based CHP plants are indicated as black dots, and the scaling curve is derived based on a 100-MW CHP plant as described in previous section. Even though a biomass-fired CHP plant comprises a mature technology that has reached the n-th number of its kind status, the initial investment costs for the different plants vary considerably. The historic data for CHP plants do not follow the economy of scale based on the 100-MW unit, especially not the smaller units, and there is a large variation in investment cost (range, 10-20 MSEK/MW) even for those plants that have a similar core technology and production capacity. A contributing factor is that a low investment cost has been prioritized over electrical efficiency, fuel flexibility, and availability (in terms of the number of redundant systems included) for some plants. It should be noted that many of these plants have been designed based on the demand for district heating rather than based on the demand for electricity production. 8, 16 Based on this and the fact that some local markets offer similar price levels for heat and power, these products are weighted equally in Figure 2 . The GoBiGas was built with the goals of optimizing biogas production, availability, and fuel flexibility. Based on the CHP analogy, it can be argued that there is strong potential to reduce the investment cost of an ABP plant through amending the goals set for performance and fuel flexibility in the GoBiGas plant, or through utilization of local synergies, for instance, to produce district heating as a by-product. Especially in the case of small-scale plants, the investment cost can vary widely, as illustrated by the data from CHP plants.
Cost Scale factor Capital costs for the GoBiGas plant
The following analysis focuses on stand-alone ABP plants with high demands in relation to efficiency, fuel flexibility, and availability, as is the case for the GoBiGas plant. In addition, the following comparison with CHP is made using an estimated investment cost that is based on the scaling of a 100-MW plant, whereby the range of SFs was adjusted to encompass all plants with capacities >80 MW. As shown in Figure 3 , the investment cost for a stand-alone ABP plant will be roughly twice that for a CHP plant. Thus, for an ABP to be economically competitive with CHP plants, when they are competing for the same feedstock, a higher total profit per MW of installed capacity has to be reached for ABP plants to compensate for the high investment cost. This is of course subject to the market price of the produced products, the operating cost, and the total production throughout the expected economic lifetime of the plant. The total production throughout the lifetime, in turn, depends on the efficiency and annual number of FLH of the plant. If there is a restriction on the demand for the products produced by a plant this will restrict the FLH of the plant, which is the case for CHP plants, whereby the demand for both heat and power fluctuates greatly over the year. 17 This is illustrated in Figure 4 , where the specific investment costs in terms of depreciation for ABP plants with 8000 FLH per year are compared with those for CHP plants with 1000, 2000, 4000, and 8000 FLH per year, respectively. As concluded in the Nordic Energy Technology Perspective, a future scenario that entails a warmer climate could restrict Nordic CHP plants to about 2000 FLH per year, and a future scenario that entails extensive access to intermittent power, extensive variation management strategies, warm winters, and energy savings in buildings could impose a restriction as low as 1000 FLH per year for CHP plants. 17 With these scenarios, the specific investment cost for an ABP plant is much less than that for a CHP plant, thereby making ABP a competitive alternative to bio-CHP. However, with the 4000 FLH per year currently expected for most CHP plants, the specific investment cost will be similar to or lower than that of an ABP plant with the same production capacity. Moreover, if the CHP plant can offset the produced heat and power over the entire year (8000 FLH) the specific investment costs for these plants will be significantly lower than those for an ABP plant. The operating costs for the GoBiGas plant (ie, all costs excluding the investment-related financial costs), are illustrated as a function of the fuel price in Figure 5 . The current operating costs for the GoBiGas plant using wood pellets as feedstock are indicated as an area, where the area is based on variations in feedstock prices, as well as the variations in plant operation in terms of availability, load, and efficiency. Previous investigations have shown that it is technically feasible to achieve a chemical efficiency for biomass-to-biomethane conversion of around 70% for the plant, as compared to the current level of 55%-65% (for further details on how to optimize the process, see ref. 2, 3) . The operating costs estimated for operation at 8000 hours per year and a biomass-to-biomethane conversion efficiency of 70% are illustrated with a dotted line in Figure 5 . A commercial plant could be further optimized for operational costs, mainly by including a steam cycle and eliminating the need to use large volumes of RME as scrubbing liquid (see Table 1 ). The operating costs estimated for a commercial ABP plant are indicated with a solid line in Figure 5 . Note that the fuel price is specified as "asreceived," which is the basis on which it is traded. This results in differences in the slope of the curve for the different fuels, as they can be expected to have different moisture contents, which are here assumed to be 10% for pellets, 45% for forest residue, and 18% for recovered wood waste. Furthermore, to achieve a conversion efficiency of 70%, the fuel is assumed to be dried to a moisture content of about 10%, using heat recovered from the process, before it is fed into the gasifier. 1 It can be concluded that with a plant capacity of 20 MW, the operating cost can be reduced by about 15% through switching from wood pellets to forest residues, and by as much as 40% if recovered wood is used. The following analysis is based on using the estimated operating cost for a reference plant (solid line in Figure 5 ) to estimate the production cost of a commercial plant. The operational cost excluding the fuel cost, which is illustrated in Figure 6 as a function of the scale of the plant, is estimated using Equations (7-9) ( Table 1 ). The operational cost including the fuel cost is illustrated in Figure 7 , where the fuel cost is estimated from Equation 10 .
Some of the operating costs, such as the costs for maintenance and personnel, can be expected to be more or less fixed yearly costs, which means that the specific operating cost can be expected to be strongly influenced by the number of FLH per year, as illustrated in Figure 6 . The operating cost excluding the cost for the feedstock has the strongest effect on plants of smaller scale. This is mainly related to the personnel costs, which are proportionally higher for smaller-scale operations and are constant regardless of the availability, as the personnel are here assumed to be employed for the full year. This effect is, however, less prominent for FLH values >6000. If the personnel can be used for other purposes during part of the year, a production capacity >100 MW and a FLH >6000 should be considered as limiting the specific operating cost excluding the cost for the feedstock; as compared to a 20-MW unit, this cost is expected to be reduced by about 50%.
As shown in Figure 5 , the cost of the feedstock has a strong impact on the production cost for a 20-MW unit, and this holds true also for units of larger scale, as illustrated in Figure 7 , which shows the operating cost including the fuel cost. As expected, the cost of the feedstock becomes, in relative terms, more important as the scale of operation increases, and it represents about 65% of the operating cost for a plant with production capacity of 200 MW using biomass at a cost of 170 SEK/MWh. Thus, measures to reduce the fuel cost or increase efficiency will have strong impacts on the production cost for such a plant. However, for a 20-MW unit, the same fuel would only account for about 35% of the operating cost. This shows that measures to reduce the personnel and maintenance costs are more effective at reducing the operating cost.
F I G U R E 5
Total operating costs for the GoBiGas plant when optimized and complemented with a dryer, as well as the range of present production costs when using wood pellets. Fuel price is related to the lower heating value of the received fuel. Given that the fuels have different moisture contents, the lines are not continuous and have different slopes. The dashed lines represent an optimized case for GoBiGas with different fuels, while the solid lines represent an estimated reference plant (see Table 4 In Table 5 , the estimated total production costs for an ABP plant with 70% efficiency are given for plants with 20, 100, and 200 MW, respectively, of biomethane production capacity. As shown in Figure 3 and in Figures 6 and 7 , the cost reduction due to economy of scale for plants with capacities >200 MW plateaus (considering that the largest feasible plant size is around 500 MW ABP), and the benefit of progressing to a larger scale becomes increasingly uncertain. At this production capacity, the expenses for feedstock logistics and handling start to represent significant additional costs for most geographic locations. Thus, for a stand-alone APB plant of complexity similar to that of the GoBiGas plant, a production capacity of 200 MW represents a beneficial scale. In Table 5 , forest residues are chosen as the feedstock in all the cases, which would be most relevant for these types of plants in the case of large-scale introduction of advanced biofuels. Here, it should be noted that the used costs relate to forest residue at its current price level in the Gothenburg region, which has a regional market situation with an excess of such feedstocks. As presented in Table 5 , the production cost for biomethane in a plant with a production capacity of 200 MW is estimated as 596 SEK/MWh, corresponding to around 5.35 SEK/liter gasoline equivalents. The production costs for other types of biofuels produced via gasification and with performance goals similar to those for the GoBiGas plant, can be estimated based on the expected conversion efficiency for that biofuel. The cost of the feedstock changes according to Equation 10 , while the other costs should be adjusted based on the change in production capacity related to the thermal input by adjusting the reference production capacity P ref .
For a plant with a lower production capacity, alternative local feedstocks, such as recovered wood materials, could be an alternative. Under current pricing conditions, this offers the potential to reduce the total cost of a 100-MW biomethane plant to the same level as that of a 200-MW biomethane unit using forest residue. If one is aiming for even smaller scales of operation, cheaper feedstocks would need to be complemented with options for integration with existing industrial infrastructures, so as to reduce the investment cost and provide opportunities for sharing personnel. This could reduce the total production costs to competitive levels, similar to the strategy used for small CHP plants discussed above. It should also be noted, as evident from the comparison of the resulting feedstock costs for various production efficiencies (Table 4) with the total production cost (including investments), that plant efficiency has a limited effect on the total cost as long as fuel prices are at or below the price of forest residues.
| CONCLUSIONS
In the GoBiGas project, the production of an advanced biofuel in the form of biomethane has been demonstrated on the 20-MW scale. By analyzing the investment and production costs at the GoBiGas plant, relevant cost data for future investments in advanced biofuel factories have been derived. Using forest residues as the feedstock at the present regional price of 170 SEK/MWh (based on the lower heating value of revised moist biomass), this study predicts a production cost for biomethane of 596 SEK/MWh, corresponding to 5.35 SEK/liter gasoline equivalent, from a commercial plant with a nominal production capacity of 200 MW biomethane, when no excess heat is valorized.
Given that the gasification-based processes already contain components that are commercially available and used in many existing industrial processes, and the fact that the demonstration plant is designed to meet all the regulations pertaining to a commercial plant of this kind, the investment cost related to the equipment itself is unlikely to decrease dramatically due to learning. Instead, there is learning potential related to how the process is assembled and how one can plan and execute the project for constructing this type of plant. Furthermore, the main components of an ABP plant are similar regardless of the end product, making the outcomes relevant not only for biomethane (as produced at GoBiGas), but also for other advanced biofuels, such as methanol, dimethyl ether (DME), mixed alcohols, or Fischer-Tropsch products for which the estimated production cost and the plant production capacity need to be adjusted based on the expected conversion efficiencies of such fuels.
T A B L E 5 Estimated total production cost (including investment costs) for biomethane, using forest residues for feedstock (170 SEK/MWh based on lower heating value of received fuel with 45% moisture), 8000 FLH, 20-year economic lifetime, and 70% plant efficiency In specific cases, the production cost could be reduced further, subject to favorable local conditions that facilitate introduction of the technology. The investment cost could also be reduced by taking advantage of investments that have already been made in existing plants, such as fluidized bed boilers, which could be retrofitted so as to additionally produce advanced biofuels. This would create the opportunity to employ simplified process concepts in which a low investment cost is prioritized over high efficiency when excess heat from the ABP can be valorized. This would make it feasible to introduce the technology at smaller scale than is feasible for a stand-alone unit. Another opportunity to reduce the overall cost level comes from changing from biomass to waste-derived feedstocks, such as recovered wood that is free of impregnated chemicals and paint.
